Given this limitation of observational data analysis, in this study, to better 77 understand how MJO-like tropical heating modifies the extratropical circulation and 78
Arctic SAT, we employ an initial value approach. Another beneficial aspect to these 79 model calculations is that they allow us to evaluate causal relationships. In the 80 atmosphere, each MJO event not only exhibits different characteristics in its tropical 81 convection field, but the background flow will also differ from one MJO event to the 82 next, as will the transient eddy field that is present. With observational data, it is difficult 83 to isolate these effects. In contrast, if the model calculations, with a specified MJO-like 84 tropical heating and climatological background flow, do capture much of the observed 85 relationship between the MJO and the middle and high latitude circulation and SAT, then 86 it is likely that this relationship can be understood primarily in terms of the response to 87 tropical convection. Moreover, by comparing model runs with and without initial 88 transient eddies, we can investigate the impact of synoptic-scale eddies on the 89 extratropical response to the MJO. 90
In Section 2, the model and experimental set-up will be described. Section 3 91
illustrates the temporal evolution of the SAT, along with a diagnostic analysis of the 92 dynamical mechanisms associated with the response to the MJO-like tropical heating. We 93 conclude with a discussion in section 4.
2.
Model and experiments For the precipitation data, we interpolate the pentad data to daily data, remove the 122 seasonal cycle at each grid point by subtracting the first three harmonics of the calendar 123 mean for each day, and then apply a 101-point, 5-100-day, band-pass digital filter. 124
The precipitation composite for phase 1 has a dipole pattern with a positive 125 anomaly over the Indian Ocean and a negative anomaly over the western Pacific Ocean 126 (top left panel in Fig. 1) , with its node being close to 110°E, whereas phase 5 shows 127 opposite features (top right panel in Fig. 1 ). In previous studies (e.g., Lin et al. 2010; Seo 128 and Son 2012), it was shown that an anomalous heating field with this particular dipole 129 spatial structure excites large amplitude extratropical circulation anomalies. To examine 130 the anomalous circulation and SAT response to the latent heating associated with the 131 MJO precipitation, in all of our calculations, these anomalous precipitation composites 132 will be used to construct MJO-like tropical heating anomalies (top panels in Fig. 1) . 133
Recalling that the zonally asymmetric climatological flow is used for our basic 134 state, it is important to emphasize again that the structure of the total (climatology plus 135 anomaly) heating is most localized for phase 5 and most zonally uniform for phase 1 (the 136 bottom panels in Fig. 1 ). Since the anomalies tend to be linear, i.e., the MJO phase 1 137 anomalies tend to have the opposite sign to those for MJO phase 5, if we add theanomalies to the climatology, for one phase the total wave field can have a larger 139 amplitude than that of the climatology and for the other phase the total wave field can 140 have a smaller amplitude than that of the climatology. As will be described later, this 141 point is important for interpreting the anomalous wave activity flux. 142
To confine the heating to the tropics, the precipitation is multiplied by the 143 following weighting function: 144
Here, ! indicates the latitude. For its vertical structure, we use an idealized profile of the 146 form, 147 to MJO phase 1, another to MJO phase 5, and one with no tropical heating (see Table 1 ). 169
As will be shown, the set of runs with initial transient eddies mimics the observed 170 extratropical flow features found by YLF better than those without the transient eddies. 171 Therefore, the perturbation runs will be the main focus of this study. 172
The model is integrated for 20 days, which corresponds to the time period over 173 which the impact of the climatological transient eddy fluxes remain small (Franzke et al. 174 between 5 and 20 days, and found that the extratropical response is qualitatively 179 insensitive to the time period of the heating (not shown). 180
Results

181
a. Horizontal pattern 182 Figure 2 illustrates the temporal evolution of the composite 300-hPa geopotential height 183 anomalies for the MJO phase1 (contours in left panels) and MJO phase 5 (contours in 184 right panels) model runs (see Table 1 Ocean strengthens and widens. Similarly, for phase 1, over the same time period, a 201 strengthened and broadened negative SAT anomaly can be seen at a similar location. 202
Unlike the observations (Fig. 1 in YLF) , however, the Arctic SAT response shows the 203 opposite sign over the Eastern Hemisphere. 204
We next examine the poleward wave activity flux associated with MJO phase 1 205 and phase 5. It is important to note that both the stationary and transient eddies contribute 206 to the anomalous wave activity flux. We illustrate this point by considering the 207 meridional component of the E-P flux (Edmon et al. 1980) which is proportional to 208 This result agrees well with the observations (Fig. 2 
in YLF). 233
To examine the processes by which the SAT response takes place, we start from 234 the thermodynamic energy equation, 235
where N is the buoyancy frequency defined as 237
238 and Q is the diabatic heating. Here, R is the gas constant for dry air, H is the scale 239 height, ! is the ratio of the gas constant to the specific heat capacity at constant pressure 240
Following YLF, we investigate the relative timing and amplitude of the terms on 242 the right-hand-side (rhs) of (3), i.e., horizontal thermal advection, adiabatic warming, and 243 diabatic heating, respectively. Since it takes about 1-2 weeks for tropically-forced Rossby 244 waves to reach high latitudes (Hoskins and Karoly 1981), we project each of the terms on 245 the rhs of (3) onto the SAT pattern averaged over days 7-13, for the domain 60°N-90°N 246 (Feldstein 2002; 2003; YLF) . The SAT anomaly pattern, averaged over this time period, 247 is a measure of the response of the high-latitude temperature field to the MJO tropical 248
heating. The projection, P i , is written as 249
250 where ! ij is the i th term on the rhs of (3), and T j is the SAT pattern averaged over days 251 7-13, both terms being evaluated at the j th grid point. The anomalous SAT at any time t 252 is defined as 253
254
256
The quantity a t ( ) corresponds to a time series which measures the similarity between the 257 daily anomalous temperature pattern and T . After substituting (7) into (6), multiplying 258 both sides of (6) by T j cos! , and integrating over 60°N-90°N, we obtain the 259
( )cos" = 0 . Then, after substituting (6) 260 into (3), and applying the same orthogonality relationship over 60°N-90°N, (3) becomes
where the P i are for the projections of the composite terms from the rhs of (3) onto T , 263 such as dynamical warming (the sum of horizontal thermal advection and adiabatic 264 warming; i =1 ) and the residual ( i = 2 ). Equation (8) about the warm horizontal thermal advection and adiabatic warming at high latitudes for 281 phase 5, and vice versa for phase 1. Again, as in YLF, we investigate this question withinthe wave-zonal mean flow framework. Figure 6 illustrates the temporal evolution of the 283 zonal-mean temperature anomaly (shading). In the extratropics, phase 1 (left panels) 284
shows that a negative temperature response emerges near 50°N at day 9. By day 18, the 285 northern edge of the cold air reaches 75°N. For phase 5 (right panels), an analogous 286 pattern of warming can be seen. This high latitude temperature anomaly is somewhat 287
shifted equatorward compared to the observations, but the overall picture remains 288 consistent ( Fig. 5 in YLF) . 289
The zonal-mean zonal wind composite (thin contours in the right panels of propagation of wave activity away the equator, and shows an eastward acceleration at the 299 equator. Furthermore, comparison between the zonal-mean zonal wind tendency (the 300 tendency can be inferred by comparing adjacent days in Fig. 6 ) and the eddy momentum 301 flux convergence anomaly (shading in Fig. 7) suggests that the zonal-mean zonal wind is 302 driven mostly by the eddy momentum fluxes. For both MJO phases, the anomalous eddy 303 momentum flux (contours in Fig. 7 ) first appears in the tropics and expands poleward 304 with time. Since the direction of the eddy momentum flux is opposite to that of the waveactivity flux (Held 1975) , it can be seen for phase 5 (phase 1) that there is enhanced 306 (reduced) poleward wave activity propagation throughout the model integration (see also 307 is associated with upward motion and hence adiabatic cooling over the Arctic. 323
Next, we examine the vertically-averaged (500-1000 hPa) eddy heat flux 324 anomaly, which plays the dominant role in the Arctic SAT change, as suggested by the 325 time rate of change of a t ( ) (Fig. 5) . (Note that the eddy heat flux field is very similar to 326 the horizontal thermal advection (not shown). This is to be expected for large-scale flowschange in eddy heat flux does not take place through baroclinic instability. That is, 329 changes in baroclinicity, which can be measured by the negative meridional gradient of 330 the zonal-mean temperature, do not precede changes in the eddy heat flux. Instead, the 331 eddy heat flux anomaly appears to occur as a direct response to the tropical heating, since 332 most of the contribution to the eddy heat flux prior to day 15 is from zonal wavenumbers 333 1-3 (see Fig. 8 For the CLM1 and CLM5 runs (Fig. 11) , in which the initial transient eddies are 392 set to zero, the overall horizontal structure of the circulation anomalies can be seen to be 393 comparable to those of the corresponding runs with the non-zero initial transient eddiesanomalies from CLM1 and CLM5, respectively, show development of negative and 396 positive PNA-like patterns (contours). Also, over the Arctic, the SAT (shading) indicates 397 negative (positive) anomalies near the Date line for CLM1 (CLM5). These particular 398 anomalies in the circulation and SAT can also be seen in the zonal-mean (Fig. 12) . 
